In this study, carried out in the rat and hamster, the receptordependent low density lipoprotein (LDL) transport process in each organ was characterized in terms of its maximal uptake rate (J") and Michaelis constant (K), while the rate of receptorindependent uptake was defined in terms of its proportionality constant (P). The highest J' values of 50-126 $&g/h per g were found in the liver and endocrine glands in both species and receptor-dependent uptake also was detected in other organs like spleen, kidney, and intestine. The K., values were essentially the same in all of the organs and equaled -90 mg/dl in both species. The receptor-independent uptake constants also were similar in the two species and were highest in the spleen, liver, and intestine.
Introduction
Low density lipoprotein (LDL) circulating in the plasma is derived principally from the metabolism of very low density lipoprotein and, possibly, from direct secretion by the liver (1) . This lipoprotein is removed from the plasma by uptake into a variety oftissues by either receptor-dependent (2, 3) or receptorindependent (4) transport processes. In several experimental animals and in man, receptor-dependent clearance usually accounts for 60-80% of LDL degradation, while receptor-independent uptake accounts for the remaining 20-40% of LDL clearance (5) (6) (7) (8) (9) (10) . However, these values apply only to animals and man with normal circulating concentrations of LDL-cholesterol. These figures would vary at other plasma cholesterol levels since the receptor-dependent transport of LDL in vivo has been found to be a saturable process (9, 1 1), while the rate of LDL degradation by the receptor-independent process is a linear function of the plasma LDL-cholesterol concentration (4, 12) . Thus, for example, the percentage of LDL clearance by the receptor-dependent process would increase at lower plasma LDL-cholesterol concentrations and decrease at higher concentrations even though the absolute amount of LDL receptor activity was kept production rates).
The receptor-dependent and independent LDL transport activities manifest in vivo are not distributed uniformly in all organs (4, 9) and, in addition, are subject to different modes of regulation (9, 10, 13) . Furthermore, it is possible that the kinetic constants of LDL transport that define the relationship between the plasma LDL-cholesterol concentration and the rate ofuptake also vary markedly among the different organs. Thus, in any physiological situation, the steady state plasma LDL-cholesterol concentration is determined by the rate of LDL production relative to the rate of LDL uptake by both the receptor-dependent and independent transport processes located in all of the organs of the body. From these considerations, it is obvious that the mechanisms of regulation ofplasma LDL-cholesterol levels can only be understood if detailed kinetic data are available on the mechanisms of LDL uptake in all organs in a given experimental animal or in man.
For this reason, we undertook these studies to define the kinetic characteristics of both the receptor-dependent and receptor-independent transport processes in all major organs of both the rat and hamster under conditions where total LDL receptor activity was kept constant. These data provided the basis for defining the maximal transport rates and Michaelis constants for receptor-dependent transport and the proportionality constants for receptor-independent uptake in the organs of these two species. With such data defined, it was also possible to construct whole-animal LDL transport curves that predict the plasma LDL-cholesterol concentration under any circumstance in which there had been a systematic alteration in the rate of LDL production and/or receptor-dependent or independent transport in any organ in the body.
Methods
Animalpreparation. Female Sprague-Dawley rats (Charles River Breeding Laboratories, Inc., Wilmington, MA) and male Golden Syrian hamsters (Charles River Breeding Laboratories, Inc.) were purchased in the weight ranges of 125-150 and 80-100 g, respectively. Both groups of animals were then housed a minimum of 2 wk in isolation rooms with alternating 12-h periods of light and darkness, and allowed free access to water and a low-cholesterol rodent diet (Wayne Laboratory Animal Diets, Allied Mills, Inc., Chicago, IL). On the morning ofthe experiments, at the middark point of the light cycle, each animal was fitted with an indwelling femoral vein catheter (9, 14) .
Lipoprotein preparations. Plasma was obtained from donor animals maintained on a low-cholesterol diet or from human subjects fasted overnight. The LDL fraction was isolated in the density range of 1.020-1.055 g/ml, purified, and labeled with [1-v4Clsucrose as previously described in detail (4, 5, 9) . The human LDL also was subjected to reductive methylation (4, 15) . Total LDL transport in the organs of the rat and
[hamLDL]'), while the methylated human LDL (methyl-hLDL) was used to quantitate receptor-independent LDL uptake in the tissues of both species (4) . In all cases, the lipoprotein preparations were passed through 0.45-pm filters (Millipore Corp., Bedford, MA) and administered to the experimental animals within 12-24 h after preparation.
Determination ofrates oftotal and receptor-independent LDL transport. Rates of LDL uptake in vivo by the different organs of the rat and hamster were determined using the primed-continuous infusion technique described in detail elsewhere (4, 9, t 1). At the beginning of each study the animals were given a rapid injection ofa solution containing varying amounts ofboth unlabeled and ["Clsucrose-labeled LDL. This injection was immediately followed by a continuous infusion of the same LDL preparation at a rate equal to the hourly plasma clearance rate. In this manner, the concentration of LDL-cholesterol in the circulating plasma could be abruptly elevated to any desired value and then maintained at that value over the ensuing 4-h experimental period (I 1). The animals were then killed and aliquots ofplasma and all major organs were obtained and assayed for "C content (4, 16) . Since the specific activity of the plasma LDL was constant over the 4-h infusion period and since tissue accumulation of LDL was linear with respect to the time of infusion ( 1), the rate of LDL transport (J) into each organ could be expressed as micrograms of LDL-cholesterol taken up each hour by I g wet weight of that tissue (pg/h per g). These data also were expressed as clearance values that gave the microliters of plasma cleared entirely of its LDL content per h per g (pl1/h per g). It should be emphasized that the intravenous infusion of even large amounts of LDL-cholesterol over this 4-h period did not alter LDL receptor activity in any organ in the rat or hamster (I 1).
Determination ofrates ofcholesterol synthesis. Rates of cholesterol synthesis were determined in vivo using [3Hlwater as previously described in detail (17, 18) .
Calculations. The theoretical considerations associated with the calculation of transport constants in these studies are shown diagrammatically in Fig. 1 . LDL is present in the bulk phase of the capillary plasma at a concentration equal to C,. The concentration of lipoprotein at the surface of the parenchymal cells of any organ, however, may be lower and is designated as C2. The extent to which C2 is less than C, depends upon the resistance to diffusion (R) encountered by the LDL molecule in crossing the diffusion barrier between the bulk phase of the capillary plasma and the parenchymal cell surface. This resistance factor is, in turn, dependent upon three parameters including the area of the barrier available to the LDL molecule for diffusion (S., cm2/g), the effective diffusion distance (d, cm), and the free diffusion coefficient of the lipoprotein molecule (D, cm2/h) (19). In these studies, all three of these values have been combined into a single resistance term so that R has the units of g h/cm3. Using this value, the concentration of LDL at C2 can be calculated from the following relationship (20) , where J, equals the total flux of LDL between C, and C2: C2 = C, -JR.
Eq. I LDL molecules arriving at the parenchymal cell surface are transported into the cell by either receptor-dependent or independent mechanisms. In these, and in other studies (4) , the observed velocity ofreceptorindependent uptake (Ji) has been shown to be linear with respect to the LDL concentration so that the rate of tissue uptake by this process is described by the following equation (20) :
The P term is analogous to a passive permeability coefficient and defines the micrograms ofLDL-cholesterol taken up each h by I g ofa particular organ for each mg/dl of LDL-cholesterol present at C2 (pg/h per g per mg/dl). Thus, the receptor-independent uptake constant (P) equals J,/ C2 while the apparent constant (P*) equals J,/C,. In these studies, P* values were determined for each organ by fitting linear regression curves to data describing the rates ofreceptor-independent methyl-hLDL uptake in each tissue at different plasma methyl-hLDL concentrations as illustrated, for example, in Fig. 3 . In contrast, LDL uptake by the receptordependent process (Jd) in vivo has been shown to be saturable (9, 1 1) and so is described by the following equation (20) K., true Michaelis constant for the receptor-dependent LDL transport system defined in terms of C2; K.*, apparent Michaelis constant defined in terms of C,; methyl-hLDL, methylated human LDL; P, true proportionality constant for LDL transport via the receptor-independent pathway defined in terms of C2; P*, apparent proportionality constant for the receptor-independent pathway defined in terms of C,; R, resistance incurred by LDL in diffusing from capillary plasma to the parenchymal cell surface of any organ.
based on a previously published method (23) . Using initial parameter values estimated by visual inspection of the experimental data, sequential changes in these parameters were made by the program until the sum of the residuals squared was minimized. This procedure was continued until the change in all parameters was <1% ofsthe parameter values. This usually required 20-30 iterations.
In the initial analysis of these data, the curve fitting process was allowed to provide values for all four parameters in equation 4 (see Results section). However, this initial analysis consistently yielded values for R that were so low (<0.003 g h/cm3) that C2 essentially equaled C, in all organs with demonstrable receptor-dependent LDL uptake. In this special circumstance a second expression can be derived that defines the relationship between J, and C, as follows:
Eq.5
Since P equaled P* and R was set equal to 0, equation 5 Figure 1 . Model used in formulating the transport constants for LDL uptake by various tissues. In order to be taken up by the parenchymal cells of any organ, LDL must move from the capillary plasma (at a concentration of C,) to the pericellular fluid adjacent to the cell membrane (at a concentration of C2). The resistance encountered by the LDL molecule in moving from C, to C2 is designated R and is dictated by the effective area available for diffusion (S,), the effective diffusion distance (d), and the free diffusion coefficient for the LDL molecule (D) (20, 21) .
to the observed data and the best-fit values for K. and JP obtained.
Under these conditions an average of lo 105 iterations were required to obtain the best-fit curve. The goodness of fit ofthe data to either equation was defined in terms ofan r2 value, adjusted for the number ofparameters fitted, while the variance of the values for each parameter was defined as l SD.
Results
These detailed studies of the transport kinetics of receptor-dependent and independent LDL uptake in vivo were carried out in two species, the rat and hamster. As previously reported (24, 25) , the rat has an exceptionally high rate of whole-body cholesterol synthesis which, in the animals used in these studies, equaled 120±10 mg/d per kg body weight. In contrast, wholebody cholesterol synthesis in the hamsters was much closer to those values observed in young human subjects and equaled 19±2 mg/d per kg body weight. This difference was even more striking when rates of hepatic sterol synthesis in vivo were compared. The livers of the female rats synthesized -70 gsg of cholesterol per h per g while those ofthe male hamsters synthesized only -1 ag/h per g. Because of these high rates of basal cholesterol synthesis, the rat responds to most changes in sterol balance with an appropriate change in synthesis and there is no alteration in LDL transport by the liver or other organs (4, 5, 10 ). In contrast, the hamster, like man, has a much more limited capacity to adapt to changes in cholesterol balance by changing synthesis rates and so often responds to changes in cholesterol balance by altering LDL clearance rates (9) (10) (11) 26) . Thus, a detailed kinetic analysis was carried in these two species which, in a sense, represent the extremes of behavior with respect to cholesterol and LDL metabolism.
Homologous and methyl-hLDL uptake in the rat and hamster. In previous studies carried out both in vitro (27) and in vivo (28) , it has been reported that heterologous and reductively methylated LDL preparations interact poorly with the LDL receptor system. Furthermore, it has been recently shown that heterologous LDL that has been reductively methylated totally loses its ability to bind to the LDL receptor in vivo and is degraded in the intact animal at a minimal rate (4) . For this reason, methyl-hLDL was utilized in these studies to characterize and quantitate receptor-independent LDL uptake in both the rat and hamster while the appropriate homologous LDL preparation was used to measure total LDL uptake by both the receptordependent and independent processes. Fig. 2 shows an example of the kinetic curves generated by this method when the plasma LDL-cholesterol concentration in the hamster was varied over a very wide range using either hamLDL or methyl-hLDL, and LDL uptake was then quantitated in the adrenal gland. As is apparent, the uptake (Fig. 2 A) of methyl-hLDL by the receptor independent pathway increased linearly with respect to the plasma LDL-cholesterol concentration. Thus, when expressed as a plasma clearance value, receptorindependent LDL clearance by the adrenal gland was constant at 3.5±0.1 al/h per g (Fig. 2 B) . In contrast, the adrenal gland uptake of hamLDL manifested a complex relationship to plasma LDL cholesterol concentrations (Fig. 2 A) . Nevertheless, the appropriate regression curve could be fitted to these data which took into consideration the kinetics of both the receptor-dependent and independent transport processes (equation 4). When these same data were expressed in clearance terms (Fig. 2 B) , it is apparent that there was a marked decrease in adrenal gland clearance of LDL, from nearly 80 sl/h per g to 15 Al/h per g, as the plasma hamLDL-cholesterol concentration was increased to nearly 500 mg/cu. Curves such as these were generated for every major organ in the rat and hamster and were used to determine the kinetic constants for the receptor-dependent and independent transport processes in these organs.
Receptor-independent LDL uptake. When the plasma concentration of methyl-hLDL-cholesterol was varied from 0 to nearly 500 mg/dl, the uptake of LDL dent transport process increased linearly with respect to the concentration of the lipoprotein in the plasma (C1) in every organ ofthe rat and hamster, as illustrated by the representative curves shown in Fig. 3 . The slope of the linear regression curves fitted to these data yielded the apparent receptor-independent uptake constants (P*) for each organ and these are listed in Table I for both species. This constant is analogous to a passive permeability coefficient and, for each organ, gives the absolute rate of LDLcholesterol uptake (/ig/h per g) by the receptor-independent pathway for each mg/dl concentration ofLDL-cholesterol in the plasma.
As is apparent in both Fig. 3 and Table I , the values of P* varied over 10-fold in the various organs but were similar in the two species in any given tissue. In both the rat and hamster, the highest P* values were found in the spleen (0.34-0.56 ,g/h per g per mg/dl). Relatively high constants also were found in liver (0.080-0.092) and small intestine (0.080-0.085) but were significantly lower in most other organs. In particular, organs like adipose tissue, skin, skeletal muscle, and brain had receptorindependent uptake constants that were all <0.015 Ag/h per g per mg/dl. Thus, every tissue appeared to be able to clear at least some LDL from the plasma by this receptor-independent pathway where the rate of uptake increased linearly with the plasma LDL-cholesterol concentration.
Receptor-dependent LDL uptake. Next, to determine the kinetic parameters for the receptor-dependent transport system, we measured rates of uptake of homologous LDL in all of the major organs of the rat and hamster at varying concentrations ofthe LDL preparation in the plasma. The relationship between the plasma LDL-cholesterol concentration (C,) and the uptake (29, 30) .
Because of this technical problem, the kinetic parameters for the various transport processes were derived directly from the regression curves fitted to the experimental data points determined in each organ. The goodness of fit to these curves, as judged by the adjusted r2 value, was consistently between 0.75 and 0.95 for all organs in each of the two species. Three sets of constants were obtained from such analysis. First, both the Km and jm for the receptor-dependent transport system were determined in a number of organs and these values are also listed in Table I . As is apparent, receptor-mediated LDL uptake was detected in six organs in both the rat and hamster and included the liver, adrenal gland, ovary (in rats), spleen, kidney, and small intestine. Km for this transport process was essentially the same in all of these organs in both species and varied from 68 to 1 14 mg/dl. Furthermore, since R found in these same organs was low and varied from only 0.001 1 g h/cm3 in the spleen to 0.0029 Table I . Thus, the important conclusion drawn from these measurements was that in all organs with significant receptordependent LDL transport activity, half-maximal uptake rates were achieved at plasma LDL-cholesterol concentrations of -90 mg/dl so that this transport system would not become saturated until the plasma concentration ofLDL was well in excess of400 mg/dl. This was true in both the rat and hamster. In contrast to these Km values, there were significant differences in maximal transport rates in the different organs. Clearly, the highest values were found in the liver and endocrine glands in both the rat and hamster while much lower maximal transport rates were detected in the other organs. Note, however, that when organ weight was taken into consideration, only two of these tissues, the liver and, to a lesser extent, the small intestine, were quantitatively important in the receptor-dependent removal of LDL from the plasma.
Secondly, analysis of these same curves also yielded values for the true receptor-independent uptake constants (P) as determined with the homologous LDL preparation and provided the opportunity, therefore, to compare these values with those determined with methyl-hLDL. For example, in the spleen and jejunum ofthe hamster, two organs with relatively high receptorindependent uptake rates, the values of P measured with hamLDL equaled 0.37 and 0.09 pg/h per g per mg/dl, respectively. These values were essentially identical to the values of P* determined directly with methyl-hLDL, i.e., 0.34 and 0.08 ,ug/h per g per mg/dl, respectively, (Table I) and added further support to the validity of using this methylated heterologous LDL preparation for measuring receptor-independent lipoprotein transport in various experimental animals.
Thirdly, analysis of these transport curves also provided data from which the concentration of LDL at the parenchymal cell surface could be calculated. The absolute magnitude of the resistance terms determined in these seven organs and substituted into equation 1 gave the value of C2 at each value of C, and J,.
These calculated values of C2 proved to be essentially equal to C, at all values ofJ. in the major organs like liver, spleen, kidney, intestine, and the endocrine glands. In addition, the near identity ofthe values of P and P* also strongly supported the conclusion that the concentration of LDL perfusing the parenchymal cell surface (C2) of these organs was very nearly the same as the concentration ofthe lipoprotein in the bulk phase ofthe capillary plasma (C,).
Discussion
These studies provide the first quantitative description of the kinetics of the receptor-dependent and receptor-independent processes that remove LDL from the plasma under in vivo conditions. These measurements were carried out in two species, the rat and hamster, commonly used in studies of cholesterol and lipoprotein metabolism and which differ markedly in their metabolic characteristics. The rat has an exceptionally high capacity to alter absolute rates of cholesterol synthesis and degradation, and so responds to alterations in cholesterol balance across a given organ or the whole animal by changing one of these processes. Hence, there is seldom regulation ofLDL transport activity in this species so that plasma LDL-cholesterol levels conditions (10, 31, 32) . The male hamster, on the other hand, behaves very much like man, in that it has a much lower capacity to alter absolute rates of cholesterol synthesis and degradation and so is forced to regulate LDL transport activity in response to the intake of dietary cholesterol or saturated fatty acids ( 11) or to alterations in the bile acid pool induced by cholestyramine (9, 10) or bile acid feeding (13, 26) . Despite these marked quantitative differences in cholesterol metabolism between the rat and hamster, however, the present studies demonstrated that the various aspects of LDL transport were quantitatively very similar in these two species. This observation provides further support for the concept that the cellular regulation ofcholesterol synthesis and degradation is independent of the regulation of LDL transport activity (3, 10) .
Receptor-dependent LDL transport accounts for the uptake of 60-80% of the lipoprotein that is degraded each day in the normal experimental animal and in man (5) (6) (7) (8) (9) (10) . In the rat and hamster, respectively, this receptor-dependent process clears -500 and 400 ul of plasma of its LDL content per hour per 100 g body weight (4, 9, 10) . -70% of this transport activity is found in the liver in the rat while >90% of receptor-dependent LDL transport detected in the hamster is accounted for by uptake in this organ. Despite this overwhelming importance ofthe liver, receptor-dependent LDL transport also has been identified in vivo in other organs, including the endocrine glands, spleen, kidney, small bowel, lung, and colon in the rat, hamster and rabbit (Spady, D. K., J. B. Meddings, and J. M. Dietschy, unpublished observations) (4, 9) . In the present study it was possible to define the transport kinetics for the receptor-dependent process in six of these tissues, but in lung and colon this component of LDL uptake was so low that it could not be distinguished from the receptor-independent process.
When expressed per unit weight of tissue, the highest Jm values observed in both the rat and hamster were found in the liver (90-126 ,g/h per g) and adrenal gland (55-103), followed by the ovary (50), spleen (15-35), kidney (6-37), and small intestine (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (Table I ). In contrast, the Km values for this transport system were essentially the same in these organs and, again, were nearly identical in both species, equaling -90 mg/dl (Table  I) . Because ofthese high Km values, the plasma LDL-cholesterol level would have to exceed 400 mg/dl before essentially saturating the receptor-dependent system in these tissues. Stated differently, in the range of plasma LDL-cholesterol levels commonly encountered in these experimental animals, the rate of receptordependent LDL transport would continue to increase, in a curvilinear fashion, as the plasma LDL concentration increased (see Figs. 2 and 4 ) so that this transport system would seldom, if ever, become saturated under physiological or even pathological conditions.
In contrast to this receptor-dependent system, the receptorindependent transport of LDL by the various tissues ofboth the rat and hamster was a linear function of the plasma LDL concentration (Figs. 2 and 3 ) so that the clearance of LDL by this process was constant (Fig. 2 B) (4) . Furthermore, receptorindependent LDL uptake could be detected in every tissue and the proportionality constant (P*) that described uptake was very similar in any given organ in these two species (Table I) . The values of P* were highest in the spleen (0.34-0.56 mg/h per g per mg/dl), liver (0.08-0.09), and small intestine (0.08-0.09) and lower in most other organs. In particular, LDL uptake by adipose tissue (0.011-0.012), skin (0.010-0.014), skeletal muscle (0.003-0.008), and brain (<0.001) was at the lower limit of the method to detect LDL uptake. When whole organ weight was taken into consideration, receptor-independent LDL transport activity was more widely distributed in the body than receptordependent transport so that, in contrast to receptor-dependent uptake, a number of extrahepatic organs was quantitatively important in this process (4) .
In the analysis of these transport data, it was also extremely important to have some quantitative measurement of the resistance encountered by the LDL molecule in moving from the bulk phase of the plasma to the transport sites on the parenchymal cells since, if this R term were high, the Km values for the receptor-dependent uptake process would be grossly overestimated and the P values would be underestimated. Three lines of evidence, however, suggest that the R term was negligible, at least in the liver, spleen, endocrine glands, kidney, and small intestine. First, K* values in organs with intact capillaries like kidney and intestine were essentially identical to those values found in the liver and spleen where the resistance term should equal essentially 0. Second, the values of P and P*, which in several organs were independently measured, were essentially the same. Third, direct estimates ofthe R term from the analysis of homologous LDL transport in each organ (Fig. 4) were all equal to or less than 0.003 g h/cm3. These values of R were so small, relative to the values of Jt in each organ, that when substituted into equation 1 the calculated values of C2 were not significantly less than C1. Thus, at least in these seven tissues, the movement of LDL across the capillary, either through junctional complexes or by means of vesicular transport, must have been sufficiently rapid, relative to the rate of transport into the parenchymal cells, so as to maintain C2 nearly equal to C1. This may not be true, however, in other organs such as the adipocyte, skin, and particularly, skeletal muscle and brain that have no demonstrable receptor-dependent transport and very low rates of receptor-independent uptake (Table I ). In such tissues it is conceivable that it is the resistance to LDL movement across the diffusion barriers of the capillary that limits net transport rather than an absence of specific transport mechanisms on the parenchymal cells. Regardless of the reason, however, such organs take up little or no LDL-cholesterol under in vivo conditions.
Using these kinetic data derived for each organ, it was possible to construct theoretical curves that described the behavior of the various parameters of LDL metabolism in the whole animal under essentially all conditions that might be encountered when the experimental animal is subjected to a variety of environmental, physiological, or pharmacological manipulations. Fig.  5 illustrates such curves in the case of the male hamster. To construct these curves, the number of receptor-dependent transport sites, i.e., the value of jm in each organ, was kept constant while the plasma LDL cholesterol concentration was varied from 0 to 500 mg/dl. The amount of LDL-cholesterol taken up by each organ at each plasma LDL concentration was calculated using the values of P*, Jm, and Km appropriate for that tissue, and such values derived for all organs were then summed to give the data shown in Fig. 5 for the whole animal. The solid line in Fig. 5 A shows the total rate of LDL-cholesterol removal from the plasma (which also equals the metabolic production rate of LDL-cholesterol) at any concentration of plasma LDLcholesterol, while the dashed line shows that portion which is receptor-independent. Fig, 5 cholesterol uptake from the plasma that is receptor-dependent in this species. Two points concerning these curves warrant emphasis. First, the receptor-independent component ofLDL-cholesterol degradation is a linear function of the plasma LDLcholesterol concentration (Fig. 5 A) (Fig. 5 B) and the percentage of LDL degraded by the receptor dependent process (Fig. 5 C) decreases markedly as the plasma LDL-cholesterol level is increased.
The points labeled w in Fig. 5 show the position ofthe normal male hamster fed a low-cholesterol diet. Such animals have a mean plasma LDL-cholesterol concentration of -25 mg/dl, and synthesize and degrade -127 Mg of LDL-cholesterol per h per 100 g animal (Fig. 5 A) . This corresponds to a LDL-cholesterol clearance rate of 509 Ml/h per 100 g and an FCR of 0.12 per h (Fig. 5 B) , and 79% of this clearance is receptor-dependent (Fig.  5 C) . The points labeled x represent the situation where all LDL receptor activity was eliminated but the LDL production (and uptake) rate was kept constant at 127 Mug/h per 100 g. In this case, the plasma LDL-cholesterol concentration would rise about fivefold, to 119 mg/dl (Fig. 5 A) , the clearance rate and FCR would decrease to 108 ,l/h per 100 g and 0.026 per h, respectively (Fig. 5 B) , and all LDL degradation would take place by receptorindependent mechanisms (Fig. 5 C) . The points labeled y represent the situation where the production rate of LDL was increased fourfold, to 508 Mg/h per 100 g, under circumstances where total LDL receptor activity was maintained constant at the control level. In this case, the plasma LDL-cholesterol concentration would increase to 158 mg/dl (Fig. 5 A) , the LDLcholesterol clearance rate and FCR would decrease to 322 ul/h per 100 g and 0.078 per h, respectively, and only 68% of the LDL would be removed from the plasma by the receptor-dependent process. The points labeled z represent the situation where both of these pathological conditions were present together, i.e., the situation where LDL production was increased fourfold and all receptor-dependent transport activity was absent. In this case the plasma LDL-cholesterol concentration would increase markedly to -480 mg/dl.
From these quantitative considerations, there are four major points concerning the regulation ofplasma LDL-cholesterol levels that should be emphasized. First, the whole animal clearance rate or FCR will be altered markedly under any circumstance where there has been a change in the number of LDL receptors (J), a change in the LDL production rate, a change in the affinity of the LDL molecule for its transport system (K.), or where other competing lipoproteins might be present. Thus, it is impossible to draw any conclusions about receptor-dependent LDL transport activity in the whole animal (or in man) based solely upon measurements offractional catabolic rates. Second, marked changes in either the activity of receptor-dependent LDL transport or the LDL metabolic production rate alone result in only modest alterations in the plasma LDL-cholesterol level (Fig. 5) . For example, in man or the experimental animal the plasma LDL-cholesterol level would never rise more than 3-4 times the normal value if all receptor activity were lost but the LDL production rate were kept constant. However, the plasma LDL cholesterol level would increase markedly when loss of LDL receptor activity was coupled with overproduction of this lipoprotein. These two factors presumably account for the very high plasma cholesterol concentrations seen in patients with homozygous familial hypercholesterolemia and may also be important when overproduction and loss of hepatic LDL receptor activity is induced by dietary manipulations (I 1). Third, in the normal animal from 65 to 80% of LDL clearance from the plasma takes place in the liver and intestine (4, 9) . Hence, LDL probably should be viewed simply as the remnant of the very low density lipoprotein particle which, under normal circumstances, should be rapidly removed from the plasma and excreted into the gastrointestinal tract. Fourth, since 70-90% of receptor-dependent LDL transport activity is found in the liver and intestine (4, 9), loss of this activity, through either genetic or dietary factors, would necessarily shift the burden ofLDL clearance to the more peripheral organs (4) .
Thus, the kinetic data presented in this study provide the quantitative basis for predicting the behavior ofthe plasma LDLcholesterol concentration under circumstances where a specific alteration has been induced in the receptor dependent or receptor independent transport of LDL in any organ, where the LDL production rate has been changed, or where competing lipoproteins or a change in the structure of the LDL molecule has led pathways in the live animal so that such predictions can be verified under in vivo conditions (4, 9-1 1). Taken together, these various techniques should allow a detailed understanding of how virtually any environmental, dietary, or pharmacological manipulation actually leads to a change in circulating LDL-cholesterol levels.
